Introduction
Hydrogenation of 2-ethyl-hexen-2-al is one of the steps of the industrial synthesis of 2-ethyl-hexan-1-ol. In this reaction the main intermediate product is 2-ethyl-hexanal ( Figure 1 ) and the final product is 2-ethyl-hexan-1-ol. The latter is very important for commercial applications, such as preparation of elastics and flexible frots of poly(vinyl acetal) and the manufacture of antioxidants for polymers and lubricant oils.
The reaction has been studied and reported in the literature. The experiments are conducted either in the liquid [1] [2] [3] [4] or in the gas phase. [5] [6] [7] [8] The main goal is to favor the selectivity and conversion of the raw chemical to the saturated alcohol. As a general trend 2-ethyl-2-hexen-1-ol is scarcely found in the reaction products, and its reactivity may account for this phenomenon. 4, 8 Formation of of the catalyst on the unsaturated aldehyde conversion in the liquid phase on Ni catalysts. The initial reaction rate increased with increasing catalyst mass, volumetric hydrogen flow and reaction temperature. The increase of the initial rate was followed by a decrease in the selectivity. Several catalysts have been employed in this reaction. In general, Ni-based samples are used, but some other systems, such as Pd/Al 2 O 3 , 7, 8 [HCo(CO) 4 ] 5 have also been tested. Ni-containing catalysts can be either monometallic or bimetallic. Almeida et al. 3 studied this reaction in the liquid phase in a semi-batch slurry reactor at atmospheric pressure. They showed that among all Ni catalysts the Ni/SiO 2 was the most selective for the saturated alcohol, while Ni/γ-alumina was the most active. Among the bimetallic Ni containing samples the most active and selective was the Ni-Cr catalyst.
The kinetics of 2-ethyl-2-hexen-2-al hydrogenation seems to be of first order, according to Macho and Polievko 7 and Trifel et al. 5 despite the very different experimental conditions (gas phase versus hydroformilation conditions).
Hydrogenation of other α-, β-unsaturated aldehydes, such as chrotonaldehyde. has also received some attention. Noller and Lin 9 studied this reaction in the gas phase on a Ni-Cu/Al 2 O 3 bimetallic catalyst. A yield of 54.0% wt of crotolytic alcohol was obtained. The presence of a second metal was necessary to increase selectivity towards this alcohol. It was suggested that a Cu δ--Ni δ+ dipole was formed, thus favoring the C=O hydrogenation. Raab and Lercher 10 studied the activity and selectivity of Ni-Pt/SiO 2 catalysts for hydrogenation of chrotonaldehyde in the gas phase. The major product obtained was butyraldehyde in all tests. Addition of nickel to the Pt/SiO 2 system lead to an increase of hydrogenation rate of crotonaldehyde to crotolytic alcohol and butyraldehyde. The C=O hydrogenation selectivity reached a maximum for Ni 50 Pt 50 . This study suggested that platinum presents a slightly negative charge in the PtNi alloy. The bimetallic Ni-Pt sites increased the interaction between the carbonyl group and favored the hydrogenation to crotylic alcohol.
The main objective of this work was to study the influence of the Ni loading and the nature of the support of Ni/Al 2 O 3 catalysts on the aldehyde hydrogenation and the characterization of the catalyst. The latter one was studied using spectroscopic measurementes in order to determine the structural properties of nickel oxide.
Experimental

Catalyst preparation
Two γ-alumina supports were used with two different crystalline grades γ-alumina/A (higher crystalline grade) and γ-alumina/B, according to Chen et al. 11 The catalysts were prepared by wet impregnation method using 50.0 mL of an aqueous solution of Ni(NO 3 ).6H 2 O. Concentrations were adjusted in order to obtain catalysts with different Ni contents (4.0-17.0% wt). The suspension was stirred for 24 h (room temperature) and then dried under vacuum at 343 K. The impregnated support was calcined in a furnace at 573 K during 4h and then at 773 K during 1h (under air at atmospheric pressure).
Catalytic tests
Hydrogenation of 2-ethyl-hexen-2-al was performed in the liquid phase in a slurry reactor at atmospheric pressure. 3 The activation, performed in situ before the reaction in the same reactor, was carried out under hydrogen flow (15 L h ; injection volume; 0.2 µL). A commercial Ni-Cr/ SiO 2 catalyst was used as a reference.
Characterization X-ray diffraction (XRD).
Crystalline phase and crystalline grade of the supports were determined in a Joel model 6BX-8P diffractometer (i = 20ma; V= 40KV; radiation source Cu-Kα, angular range 2-70 o ).
B.E.T surface area.
The specific area of the supports and of the catalysts were determined in an ASAP V2.04 equipment, using physical N 2 adsorption, following the B.E.T method.
Metal content. The nickel content was determined in a Perkin Elmer AAS 3300 atomic absorption spectrometer (λ = 232 nm, I = 25 ma, air/acetylene flame). Samples were prepared by dissolving 100 mg of catalyst in 1000 mL of H 2 SO 4 (1:1).
Diffuse reflectance spectroscopy (DRS).
The oxide species present in the supported catalysts were determined in a DRS VARIAN CARY 5 spectrometer (sweeping range -180-799 nm; the support was used as a reference). The metallic oxides were identified by comparison between samples and standard spectra. J. Braz. Chem. Soc.
Temperature programmed reduction (TPR).
The reduction of the catalysts was performed in a temperatureprogrammed equipment. The procedure is described elsewhere. 12, 13 The experimental conditions were: reducing mixture, H 2 /Ar (1.75 vol, 30 mL min -1 ); heating rate, 10 K min -1 ; final temperature, 1173 K; sample weight, 20 mg.
Dynamic chemisorption. The metallic area, dispersion and average crystallite diameter of the catalysts were determined by the dynamic chemisorption method. 13 The experiments were performed in a TPR equipment using the same catalyst activation conditions prior to reaction. It was assumed that the occupied area by a nickel atom is 6.33A°2 and the Ni/H atomic ratio is equal to 1.
Results and Discussion
Catalyst characterization
BET results (Table 1) show that the samples prepared using the support with higher crystalline grade (A) presented smaller surface areas after impregnation than the support itself, particularly for the NSA-2 sample (9.0% wt Ni).
X-ray diffraction
XRD patterns of the catalysts are presented in Figure 2 . NiO crystallites were observed for samples containing at least 7.3% wt Ni (Figures 2b, 2c and 2d) . For the 4.4% wt Ni catalyst, NiO crystallites were not detected (Figure 2a ). In addition nickel aluminate was not observed. This is probably due to the low calcination temperature. Lo Jacono et al.
14 only observed nickel aluminates on a 7.5% wt NiO sample after calcination at 873 K.
Diffuse reflectance spectroscopy
Ni/γ-Al 2 O 3 catalysts exhibited d-d transition bands above 350 nm (Figure 3 ). The 4.4% wt Ni sample showed a doublet band of Ni 2+ with maximum peaks at 599 and 637 nm, which are attributed to the tetrahedral coordination. Also a band at 417 nm appeared, which characterizes an octahedral coordination of Ni 2+ at the surface. The Ni 2+ in tetrahedral coordination is characteristic of an amorphous spinel-phase species or spinel at subsurfaces, according to Schaffer et al. 15 and Stumbo et al. 12 Subsurface spinel phase is usually formed at high temperatures (above 925 K) by diffusion through the support. However, spinel phases at subsurface were also observed on catalysts calcined at lower temperatures, due to the slow diffusion of Ni over NiO crystallite surface for samples with high Ni content. This explains why spinels were not detected in XRD data. Stumbo et al. 12 observed similar Ni 2+ surface species in both octahedral coordination and spinel phase after calcination at 773 K.
The catalysts containing 9.0 and 17.0% wt Ni showed NiO crystallites, (380, 420 and 720 nm, see Figure 3 ). These bands overlap the corresponding bands of Ni 2+ in octahedral coordination at the surface and in the tetrahedral 5, 2004 coordination at the subsurface, in agreement with Stumbo et al. 12 Temperature programmed reduction Figure 4 displays the TPR profiles of all catalysts, showing at least three zones at 723, 903 and above 1073 K. It is important to notice that refractory Ni 2+ species were formed, which are very difficult to reduce. 16 The first peak at 723 K corresponds to NiO reduction for 9.0 and 17.0% wt Ni catalysts. The 4.4% wt Ni sample only presents a small shoulder in this region, in accordance with the literature. 13 The second peak around 903-923 K was observed for the 4.4% wt and 9.0% wt Ni catalysts, while this peak was shifted to lower temperatures (about 873 K) for the 17.0% wt Ni sample. This is attributed to the presence of Ni 2+ species at the surface in the octahedral coordination, which are highly dispersed, interacting strongly with the support as observed by Moujlin et al. 17 and De Bokx 18 for similar concentrations.
The third peak zone appeared at higher temperatures (1073-1173 K) for the 4.4% wt and 9.0% wt Ni catalysts, and again it was shifted to lower temperatures (973-1073 K) for the 17.0% wt Ni sample. This peak is attributed to Ni 2+ species in tetrahedral coordination, which characterizes a spinel structure and corresponds to nickel aluminate, which is highly refractory. DRS data confirmed the presence of this spinel structure. Moreover, the peak shift for the 17.0% wt Ni catalyst is explained as a catalytic effect of Ni 0 after reduction of the Ni 2+ species due to the reduction of NiO, according to De Bokx et al. 19 After the reduction step (up to 823 K) the 17.0% wt Ni catalyst was oxidized with O 2 (5% v/v)/He at room temperature, and a second reduction was performed from room temperature up to 1073 K. It turns out that the first peak was much more intense, indicating the presence of more NiO, probably due to the conversion of Ni 2+ species in the octahedral coordination to NiO. Kubelkova et al., 20 Zielinski 21 and Lamber and Ekloff 22 observed similar behavior using the TPR technique.
Dynamic chemisorption
The metallic area, dispersion and average diameter of crystallites were calculated as shown in Table 2 , assuming complete reduction with exception of the NSA-1 catalyst. This sample presents a spinel phase, absence of NiO and incomplete reduction.
Among the catalysts prepared using support A (higher crystalline grade) the 7.3% wt Ni catalyst presented the highest metallic area and dispersion, decreasing for higher loadings. The average crystallite diameter presented an opposite behavior. This shows clearly the effect of the presence of Ni 2+ species at the surface and NiO crystallites, as well as nickel aluminate species, depending on the Ni loading. Before reduction, XRD results showed poor NiO peaks and well defined Ni 2+ species in octahedral coordination at the surface, in good agreement with the TPR results. Therefore, it seems that these surface species are responsible for the higher dispersion and greater metallic surface area, in accordance with Zielinski. 21 
Catalytic tests
It is important to stress that reduction conditions used before the catalytic test were selected to maximize nickel reduction.
23 Table 3 shows the reaction rates (r) calculated as a function of the formation of the intermediate product of 2-ethyl-hexen-2-al conversion (2-ethyl hexanal). The initial reaction rate increased with Ni loading but reached a maximum value for the 9.0% wt Ni catalyst at 403 K. For higher Ni loading (17.0% wt Ni) the reaction rate did not change significantly.
The selectivity for 2-ethyl-hexanal decreased with increasing Ni content. Figures 5 and 6 present the molar percentage curves of 2-ethyl-hexanal with time and the selectivity with the conversion. The influence of the support on 2-ethyl-hexanal formation is shown in Figures 7 and 8 . The catalysts with the support A displayed better activity and selectivity. The turnover number was approximately constant, changing by a factor not higher than 1.5, which, according to Boudart, 24 suggests that this reaction is structure insensitive.
The selectivity for 2-ethyl-hexanal varied with the Ni content, reaching a maximum for the 7.3% wt Ni catalyst. Probably, the Ni 2+ species in the octahedral coordination favors the selectivity, which can be attributed to an electronic effect (donor-acceptor electron capacity), due to the interaction of the carbonyl group with the surface charge density of Ni 2+ surface species function. Zielinski 21 has already observed a relationship between the acceptor sites and the Ni 2+ species in the octahedral coordination. Reduction favors the formation of Ni crystallites, modifying the surface properties of nickel. Kubelkova et al. 20 observed from the CO adsorption on Ni/Al 2 O 3 the presence of a considerable amount of Ni 0 after reduction in addition to nickel crystallites decorated with nickel aluminate crystallites. The Ni +d sites are located at the border between metallic nickel and nickel aluminate, which are attributed to the electron deficiency induced by the oxygen.
Chen et al. 11 observed that the increase of the alumina crystallinity favored formation of surface nickel species instead of incorporating nickel into the support. Table 4 lists several byproducts found in the hydrogenation of 2-ethyl-hexen-2-al. In addition to isomerization, hydrogenation and hydrogenolysis byproducts, two carboxylic acids were detected for the 17.0% wt Ni sample: 2-ethyl-hexen-2-oic and 2-ethylhexanoic. These oxidation byproducts are probably the result of catalytic action of NiO particles covered by the Ni 2+ species in octahedral sites species at the surface. The results obtained after reduction and oxidation steps showed the presence of NiO encapsulated by pseudo spinellike species. Data reported by Christoskova et al., 25 using oxide nickel systems for oxidation of organic compounds, suggest that the oxygen from NiO crystal structure was responsible for the oxidation of the organic compounds.
Chemical analysis of the reaction products
NiO 
Conclusions
Characterization of Ni/γ-alumina by DRX, DRS and TPR showed the presence of crystalline and amorphous nickel oxide, superficial Ni 2+ oxide in octahedral symmetric sites and Ni 2+ species in tetrahedral symmetric sites in the subsurface of the support, characterizing a spinel-type phase.
The presence of crystalline nickel oxide covered by a layer of nickel oxide species at the surface either as octahedral sites or as spinel phase in the catalyst explains the effect of Ni concentration on the reaction rate and selectivity, showing that the 7.3% wt Ni catalyst exhibits the best performance. On the other hand, the presence of nickel oxide particles in the reduced 17.0% wt Ni catalyst can explain the oxidation by-products found during conversion of 2-ethyl-hexen-2-al and 2-ethyl-hexanal to their respective carboxylic acids.
The turnover frequency was independent on the Ni concentration, suggesting that this hydrogenation reaction is structure insensitive. 
